The e¡ects of diverting attention on early motion processing in human vision were studied with a selective adaptation technique. The velocity of motion after-e¡ects (MAEs) produced on a stationary test grating after prolonged exposure to drifting luminance-modulated gratings was measured by matching MAE velocity with that of another physically moving grating. Initial MAE velocities decreased and their rate of decay increased with the distance of the adapting and test gratings from the ¢xation point. When attention was diverted from the adapting grating, by having subjects process the intermittently changing digit which formed the ¢xation point, initial MAE velocities were reduced and rate of decay increased, with the largest e¡ect of diversion being found for gratings near the ¢xation point. The e¡ects of varying attention mimic those of varying adapting duration, rather than adapting contrast or velocity, and appear to re£ect a genuine change in motion-processing mechanisms.
INTRODUCTION
Over the past ten years, there has been a growth of studies of the role of attention in early visual processing, using psychophysical (e.g. Chaudhuri 1990; Cavanagh 1992; Lu et al. 2000) , physiological (e.g. Treue & Maunsell 1996) and brain imaging (e.g. Rees et al. 1997; Watanabe et al. 1998) approaches. One technique which has been used extensively is that of the modulation of selective adaptation, especially to moving stimuli, either by distraction during adaptation to motion (Chaudhuri 1990) or by an opponent task in which the subject attends to one component of a moving stimulus while ignoring another (Shulman 1990 (Shulman , 1991 Von Grunau et al. 1998; Lankheet & Verstraten 1995) . Such diversion during adaptation reduces the size of subsequent visual motion after-e¡ects (MAEs).
Two methods have been used to measure the strength of MAEs after diversion of attention, namely, those of measuring MAE duration and of nulling or cancellation with a test stimulus which moves in the opposite direction to the MAE. After adaptation to ¢elds of coherently drifting dots, MAEs (and the reduction in their strength produced by diversion of attention during adaptation) may be measured on test ¢elds whose coherence is varied (Lankheet & Verstraten 1995) . After adaptation to gratings, MAEs may be measured with a counterphased grating (which, without prior adaptation, is a stimulus whose direction of motion is ambiguous) by varying the contrast of one of the components so as to cancel the perceived direction of motion after adaptation (Von Grunau et al. 1998) . Unlike measurements of duration, nulling methods are not susceptible to the criticism that they are really measuring shifts of criterion for when an MAE, weakened by the passage of time, is coming to an end. Rather they suggest a genuine e¡ect of diversion on motion-processing mechanisms. However, nulling techniques of either type do not provide information about any changes produced by diversion in the phenomenal quality of MAEs (e.g. in their velocity), nor have they so far been used to investigate how diversion a¡ects the MAE at di¡erent points in its lifetime.
A conclusion which has been drawn from previous psychophysical studies is that attention acts as though modulating signal strength in neurons early in the visual system (e.g. Lu et al. 2000) . However, an alternative account is that attention changes the importance or salience of neural signals (Blaser et al. 1999) . Both ideas may be correct, since attention may operate at several perceptual levels, but it is not clear which is the better account of attentional modulation of selective adaptation. Previous work suggests that MAE velocity declines exponentially with time after the end of adaptation, whether measured psychophysically (Taylor 1963a,b; Beverley & Regan 1979) or with functional magnetic resonance imaging (fMRI) (Tootell et al. 1995a) in humans, or physiologically in single visual cells in animals (Hammond et al. , 1986 . In the present study, we investigated how diversion of attention during adaptation a¡ects the initial velocity of the MAE and its change over time from the end of adaptation. Thus one aim was to compare changes in the MAE produced by diversion with those known to be produced by other variations in the adapting conditions, to investigate further the idea that changes in attention correspond to changes in`signal strength'.
A second aim was to investigate how the strength of diversion varied with distance from the locus of attention, and so how visual attention is distributed across the visual ¢eld at the level of selective adaptation. Ideas about this have been embodied in several metaphors: an internal spotlight or searchlight (e.g. Crick 1984); a zoom lens (Eriksen & Ho¡man 1974) ; and a`blurred spotlight' or variable gradient of processing power (Egly & Homa 1984; LaBerge & Brown 1989) . One distinction between these ideas is whether they suggest all-or-none perceptual processing (e.g. Posner et al. 1980) , or whether processing power falls o¡ gradually as the distance from the focus of attention increases (e.g. Downing & Pinker 1985; Mangun & Hillyard 1988; Georgiades & Harris 1997; Shulman et al. 1986) . The steepness of the spatial gradient of the attentional modulation of the MAE was measured by varying the distance between the ¢xation point (and so the focus of attention) and the adapt and test gratings.
METHODS AND SUBJECTS

(a) Apparatus and stimuli
The adapting and test stimuli were vertical, achromatic, high contrast, luminance-modulated gratings with a square wave intensity p ro¢le and a spatial frequency of 2 cycles deg 71 , viewed from 114 cm. They were generated by a 66 MHz IBMcomp atible PC, and displayed at VGA resolution on a 13 inch (33 cm) Sanyo colour monitor. Two push-buttons were interfaced to the computer. The dark strip es had a luminance of 2 cd m 72 , and the light strip es a luminance of 135 cd m 72 (and so a contrast of about 97%), as measured with a CS-100 Chroma Meter (Minolta Camera Co. Ltd, Osaka, Jap an). The outer dimensions of the stationary background grating were 128 wide698 high. The adapting and test gratings were p resented within a rectangular window centred in the background grating, whose dimensions were 98 wide £ 88 high. This window was divided into two horizontal strips of vertical grating, 98 wide £ ca. 48 high, separated by a narrow white strip 0.28 high. Centred on the midp oint of this white strip was a white circular window, whose diameter was 18, 38 or 68 in di¡erent conditions (so that the distance from the ¢xation p oint to the nearest part of the grating was varied). A blue ¢xation digit was presented in the centre of the blank window. The digit subtended 9 arcmin wide £ 13 arcmin high, and was either an unchanging zero, or one of the numerals from 0 to 9, which were made to alter randomly throughout adaptation at about every 0.8 s (1.25 Hz). Thus during each 40 s period of adaptation about 56 digits were p resented. In conditions in which the subject rep eated the digits, this was tape-recorded so that performance on the task could be assessed later by comparing it with the comp uter printout. An adapting p eriod of 40 s was chosen because of the evidence (Herschenson 1989; Taylor 1963a,b) that MAE duration and velocity continue to increase with adaptation duration up to ca. 2 min. Thus we expected to avoid any unwanted e¡ects of the saturation of adaptation.
During adaptation the upper strip of grating drifted either to the left or to the right with a velocity of 1.38 s
71
, while the lower strip of grating remained stationary. During measurement of MAEs, the upper grating remained stationary while the velocity of the lower grating (in the opposite direction to that to which the subject had just adapted) could be changed by the pushbuttons, one increasing, the other decreasing, this matching velocity.
The display was mounted in a large background of black card, and viewed binocularly through natural pupils. The room was dimly lit, so that the white walls had a luminance of ca. 3 cd m 72 .
(b) Subjects
Fifteen (seven male) psychology students volunteered to take p art in the experiment. They were paid »7.50 or given approp riate course credit. All of them had normal or corrected to normal vision with no history of amblyopia or strabismus.
(c) Procedure
There were two attention conditions. In one,`normal', subjects were instructed to ¢xate an unchanging zero in the middle of the blank circular window during adaptation. In the other, diverted', subjects were instructed to name the ¢xation digit, as soon as its identity changed, except that they were to say`yes', whenever a`4' or a`7' appeared. These conditions were combined factorially with the three sizes of blank window, and two directions of adapting motion (left to right, and vice versa). Each of the resulting 12 conditions was rep eated four times, giving a total of 48 adaptation trials. The order of presentation of the stimuli was determined by Latin squares, but in addition all stimuli were p resented in a counterbalanced design across the attentional conditions. This p resentation order was alternated between subjects.
Each adapting p eriod began with a verbal warning from the exp erimenter, followed by a 3 s beep from the computer. The stationary grating display was presented for 5 s before the movement of the adapting grating began. This was signalled by a second warning beep. At the end of adaptation, a warning beep sounded, and the motion of the upper grating was stopped so that it was o¡set by about half a strip e width from the background stripes. In the diversion conditions, the digit on the screen at the end of adaptation remained unchanged throughout the test session (as did the zero in the normal attention conditions), and the subjects were instructed to maintain ¢xation throughout adaptation and testing. The velocity of MAEs seen on the now stationary grating was measured by a matching technique, in which the velocity of the stripes in the lower grating was adjusted with the p ush-buttons to match its speed. One push-button increased, while the other decreased, the number of pixels by which the matching grating was o¡set on successive frames. When MAE velocity reached zero (the MAE ended), the buttons were pushed simultaneously. These values, together with the time at which the push-buttons were pressed, were stored in the comp uter, so that changes in the velocity of the grating through the lifetime of the MAE could be calculated later. When the push-buttons were p ushed simultaneously, the screen went blank, until the start of the next presentation, which followed after about 1.5 min.
Before the main procedure, the subjects were given written and oral instructions about the stimuli and the task which had to be p erformed. Once they understood the instructions they were given six practice trials, drawn at random from the complete set of conditions, so as to be familiar with the procedure.
RESULTS AND DISCUSSION
In initial analyses, the mean MAE durations and mean maximum MAE velocities were calculated for each attention condition and each size of blank circular window separately, and analysed by MANOVA. In these analyses, the data from the two di¡erent directions of motion were pooled together, since there were no signi¢cant di¡er-ences between them (p 4 0.05). These data are plotted in ¢gure 1.
For the MAE durations, the two main e¡ects of attention condition (F 1,14ˆ3 29.93, p 5 0.0001) and blank circle size (F 2,28ˆ3 2.819, p 4 0.0001) were signi¢cant. As also suggested by ¢gure 1a, the interaction between attention and window size (F 2,28ˆ4 3.07, p 4 0.0001) was found to be signi¢cant. The analysis and graph show that MAE durations were reduced as attentional processing changed from normal to diverted, and as the size of blank circle increased beyond 38. The same pattern of results appears to occur for the maximum MAE velocities, as shown in ¢gure 1b. For the maximum MAE velocities, the main e¡ects of both attention (F 1,14ˆ5 14.87, p 4 0.0001) and size of blank circular window (F 2,28ˆ9 7.91, p 4 0.0001) were signi¢cant, as well as the interaction between them (F 2,28ˆ4 1.06, p 4 0.0001). Again, diverting attention appears to reduce MAE velocities as well as MAE durations compared with normal attention, and both measures of MAE strength after diversion peak at a circular window diameter of 38.
Multiple comparison tests (Bonferroni corrected) showed that, for both the mean MAE durations and mean maximum MAE velocities, all pairs of means were signi¢cantly di¡erent ( p 4 0.0001), except for those for the 18 and 68 blank circle conditions under diverted attention (pˆ0.183), and for MAE velocities in the 18 and 38 circle under normal attention ( pˆ0.094). A signi¢cant linear decline was found for both durations and velocities in the normal attention conditions, but not in the diverted conditions.
The relationships between duration and velocity of MAEs are further illustrated in ¢gure 2, in which variations in velocity throughout the lifetime of the MAE are shown for the di¡erent attention conditions and blank windows. During normal attention, the duration of the MAE and its peak velocity become smaller with a faster decay as blank window size exceeds 38, compared with the values for the 18 and 38 blank windows (¢gure 2a). In contrast, diverting attention abolishes this e¡ect of normal attention and reduces MAE duration and velocity more strongly for the 18 and 68 than for the 38 circular windows (¢gure 2b). The decline with eccentricity in MAEs under normal attention could arise because neurons further into the periphery are less adaptable, or because the gratings used here are less optimal stimuli for them. Whatever the reason for this decline, it appears that the decline in the e¡ects of attention with eccentricity is shallower. Thus the ratio between the MAE durations in the normal and diverted conditions is ca. 5 for the 18 circular ¢eld, and ca. 3 for both the 38 and 68 ¢elds. The corresponding ratios for the mean peak velocities are ca. 4 for the 18 ¢eld, and ca. 2 for both the 38 and 68 ¢elds. These values are consistent with the conclusions from an earlier study (in which only measurements of duration were taken) that attentional e¡ects on selective adaptation are strongest close to the ¢xation point (or locus of attention), show a small decline over the central 38 or so but then stay roughly constant over at least the central 88 of the visual ¢eld (Georgiades & Harris 2000) . They suggest that the attentional spotlight, whether or not it is`blurred', has a more powerful inhibitory e¡ect on the processing of ignored objects or locations which are near to the locus of attention than on those which are more distant. In a recent fMRI study of visual attention, it was found that attention to a visual stimulus increased activity in neurons resp onding to its region of the visual ¢eld, but also reduced activity in more peripheral regions (Smith et al. 2000) . In addition, several of the graphs presented in that study show that this reduction of baseline activity is larger for peripheral regions close to the stimulated area than for those further away. This pattern of results is consistent with that found in this study.
The nature of the decay of the MAE with time was estimated by ¢tting curves to those parts of the functions in ¢gure 2 between the peak velocity and the end of the MAE. The decay functions were well ¢tted by exponential curves, as may be seen in ¢gure 3, in which the data have been transformed using a log(x + 10) transform (Howell 1992) , since the numbers are close to zero. For the data in ¢gure 3a (normal attention), the r were 18, 0.99; 38, 0.99; and 68, 0.98 . These values con¢rm the excellent ¢t between data and regression, as suggested by inspection of ¢gure 3. In the calculations, and in plotting the graphs in ¢gure 3, the ¢rst few data points before the peak were omitted, since we suppose that these re£ect the time taken by the subjects to raise the matching velocity to that of the MAE. Our justi¢ca-tion for this is the evidence that, in single striate cortical neurons, physiologically measured MAEs have a maximum immediately after the adapting motion has stopped (Hammond et al. , 1986 . We also omitted any data points at the end of the MAE beyond the ¢rst point at which the standard error overlapped zero velocity.
Our data in the normal attention conditions are consistent with the physiological evidence that the ¢ring rate of adapted motion-sensitive neurons recovers approximately exponentially (Hammond et al. , 1986 , as does the behaviourally measured MAE in previous studies in humans with rotary motion (Taylor 1963a) or motion in depth (Beverley & Regan 1979) , and that measured with fMRI (Tootell et al. 1995a) . The reduction in peak MAE velocity compared with adapting velocity (1:6) is consistent with the reports of Smith (1985) Hammond (1985) that after-e¡ect velocity was oneeighth of adapting velocity. As ¢gure 1 shows, this study has con¢rmed that diverting attention during adaptation reduces the duration of subsequent MAEs. However, ¢gure 1 also demonstrates a correlated reduction in MAE velocity.
Such a reduction in velocity cannot be explained by appealing to changes of criterion for the end of the MAE, but rather it appears to re£ect a change in the adaptation of motion-sensitive mechanisms. It con¢rms, with a di¡erent technique, the conclusion from studies using a nulling procedure ( that diversion has a genuine e¡ect on adaptation in motion-sensitive mechanisms, and shows that a phenomenal correlate of this is a reduction in velocity. The e¡ects of diverting attention are to reduce peak MAE duration, but also to increase the rate of decay, so that an after-e¡ect of a particular velocity will end sooner if it has been produced by diverted than by normal attention. A procedural manipulation which has a similar e¡ect on adaptation, measured by contrast threshold elevation, to gratings which phase-reverse at 5 Hz, is the reduction of adapting duration (Greenlee et al. 1991) . It is also apparent in the di¡erent graphs in ¢gure 3a (the normal attention condition), in which peak velocities decline and slopes steepen with increases in the size of the blank circular window. Reducing adapting time has been found in previous studies of MAE velocity to reduce the time-constant of exp onential decay (Beverley & Regan 1979; Herschenson 1989) . It appears, then, that attentional modulation may be one of several manipulations (such as the duration andöin the present conditionsö eccentricity of the adapting stimulus) which both reduce the initial magnitude of an after-e¡ect and also increase its rate of decay. Interestingly, such manipulations do not seem to include stimulus contrast, at least when aftere¡ect strength is measured by threshold elevation. It might be thought that this simply re£ects the fact that the response to contrast of cells in cortical area MT saturates at relatively low contrasts in monkey (Cheng et al. 1994) and humans (Tootell et al. 1995b) , but this in turn implies that after-e¡ects from moving stimuli should be contrastinvariant, and they are not. Decreasing adaptation contrast decreases initial threshold elevation, even though after-e¡ect duration stays roughly constant for a particular adaptation duration (Greenlee et al. 1991) . Similarly, decreasing adapting velocity reduces initial MAE velocity but, in contrast to decreasing adapting duration, does not a¡ect the time-constant of decay of the after-e¡ect (Taylor 1963a) .
Such considerations imply that the correspondence between a change of attention and a change in signal strength suggested by others (e.g. Lu et al. 2000) may not be straightforward in the present context, since the contrast, eccentricity, duration, and velocity of the adapting stimulus (which might all contribute to adapting signal strength') are not equivalent, but have rather di¡erent e¡ects on adaptation. The ¢nding here that diversion reduces initial velocity and increases the rate of decay of MAEs suggests that diversion is more like a change of adapting time than of adapting contrast or velocity. If an important function of the visual mechanisms underlying selective adaptation is to remove the unwanted e¡ects of errors in optical or neural visual processing (Andrews 1964; Dodwell & Humphrey 1990; Greenlee et al. 1991; Mather & Harris 1998) , then it would perhaps be more important to base such compensation on the total time for which particular visual mechanisms were active (which is more likely to re£ect an error accurately) than on contrast or velocity (which might re£ect the temporary characteristics of the local environment). If importance is de¢ned in this way, the apparent equivalence of diversion and reduced inspection time during selective adaptation suggests that (as in other contexts; Blaser et al. 1999 ) attention may be better thought of as changing the salience or importance of neural signals, rather than simply their`strength'.
In summary, this study has shown that MAE velocity as well as MAE duration is reduced by diverting attention during adaptation, con¢rming with a further technique that diversion a¡ects early motion-processing mechanisms, that its e¡ects are greatest close to the ¢xation point (or locus of attention), decline by a factor of about 2 at 38 eccentricity, and then remain roughly constant over at least the central 68 of the visual ¢eld. The e¡ects of diversion can be compared with a reduction in signal salience, if this corresponds to a change of adapting time, rather than of adapting contrast or velocity.
